Hydroxynitrile lyase from cassava, Manihot esculenta (MeHNL), catalyzes the formation of (S)-cyanohydrins from HCN and aldehydes or ketones. (S)-Mandelonitrile was produced on a bench scale with immobilized MeHNL, after optimizing the enzyme expression system using recombinant technology. MeHNL was cloned from a cDNA library prepared from a leaf of Manihot esculenta, and then expressed in a multi-auxotrophic mutant of Saccharomyces cerevisiae cells. The maximum yield of active MeHNL was obtained by integrating transformation 4 times with a tandemly repeated expression cassette. Silica gel was the most suitable support for immobilization of the prepared enzyme from the recombinant yeast. Using this immobilized enzyme, 22 batches of (S)-mandelonitrile synthesis were performed in a 20 liters bioreactor (1 M benzaldehyde and 1.5 M HCN). During this operation, about 29 kg of (S)-mandelonitrile was produced from 23.3 kg of benzaldehyde, giving 98 mol % yield and a mean enantio excess of 98.9% ee.
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Key words: hydroxynitrile lyase; MeHNL; cyanohydrin; mandelonitrile; immobilization Hydroxynitrile lyases (HNLs) were originally found as an enzyme catalyzing cyanohydrin degradation into HCN and aldehyde in plants such as cassava and almond. [1] [2] [3] These enzymes can also be used for stereoselective synthesis of a wide array of chiral cyanohydrins by the addition of HCN to aldehydes or ketones. Hence more attention is paid to them due to their potential use as catalysts for chiral pharmaceutical intermediates. Among the HNLs reported, Prunus amygdalus sativa-derived HNL (PaHNL), which catalyzes the addition of HCN to aldehydes and ketones to generate (R)-cyanohydrins, has been investigated. Studies such as enzyme immobilization, organic-solvent/ aqueous buffer, and the bi-phase reaction system, have been reported, since the enzyme is commercially available. 4) MeHNL (EC 4.1.2.39) from cassava, Manihot esculenta, catalyses the reaction of HCN and aldehydes or ketones generating (S)-cyanohydrins. Since it accepts wider substrates than 4-hydroxymandelonitrile lyase (EC 4.1.2.11) from Sorghum bicolor, MeHNL is regarded as highly promising in (S)-cyanohydrin synthesis. Although the gene has been cloned and expressed in Escherichia coli, research into (S)-cyanohydrin production using native MeHNL is still in progress. [5] [6] [7] [8] [9] HNL from a tropical rubber tree, Hevea brasiliensis, a highly homologous primary sequence to MeHNL, has also been expressed in microbial hosts. 10) In order to achieve a practical production system with MeHNL, here we describe high expression of the enzyme with recombinant yeast, and its application to commercial-scale (S)-mandelonitrile production were investigated.
Materials and Methods
Strains, plasmids, and cultivation. The microbial strains and plasmid vectors used in the expression of MeHNL are shown in Table 1 . For Saccharomyces cerevisiae, YPD (1% yeast extract, 2% peptone, and 2% glucose) and SD medium (0.67% yeast nitrogen base without amino acids, Difco, Detroit, MI, and 1% glucose) were used as complete and synthetic media respectively. To select the transformant of recombinant S. cerevisiae, all amino acids except the selection amino acid were added to SD medium containing 1.5% agar. Cultivation of the recombinant yeast was carried out at 30 C at 680 rpm using a 2-l jar fermentor (working volume, 1.2 l, type MDL, B.E.Marubishi, Tokyo). The pH level was maintained with 15 N-NH 4 OH at pH 5.5.
y To whom correspondence should be addressed. Fax: +81-29-838-2579; E-mail: hisashi semba@shokubai.co.jp Biosci. Biotechnol. Biochem., 72 (6), [1457] [1458] [1459] [1460] [1461] [1462] [1463] 2008 Cloning and expression of MeHNL. A stem of M. esculenta purchased from an Okinawa farmer was grown in a greenhouse in Ibaraki, Japan. Total mRNA was isolated from a fresh leaf using a QuickPrep mRNA Purification Kit (GE Healthcare, Buckinghamshire, UK), and a cDNA library was constructed with a Ready-ToGo T-Primed First-Strand Kit (GE Healthcare) according to the manufacturer's instructions. Following the method in a previous study, the MeHNL gene was amplified by PCR using the cDNA library as a template and primer sets, as follows: Sense primer, GGG GAA TTC ATG GTA ACT GCA CAT TTT GTT CTG ATT C; antisense primer, GGG GTC GAC CTC ACG GAT TAG AAG CCG CCG.
5) The cloned sequence was found to have the same sequence as MeHNL10 (EMBL accession no. Z29091), as reported by Hughes et al.
5)
Construction of MeHNL expression vectors is summarized in Fig. 1 . The cloned cDNA of MeHNL was inserted between the EcoRI and SalI sites of YEp352-GAP expression vector, which was kindly supplied by Dr. Y. Jigami (National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan). The plasmid (YEp352GAP-HNL) was then digested with BamHI to obtain the expression cassette of MeHNL, which consisted of GAP promoter, MeHNL sequence, and GAP terminator. The isolated fragment was ligated through the BamHI site by the ligase reaction (Ligation High Kit, Toyobo, Osaka, Japan) to form a tandemly ligated expression cassette. This tandemly repeated expression cassette sequence was used in the construction of expression vector plasmids (Table 1 and Fig. 1 ). Fast-growing diploid strain S. cerevisiase INVSc1 (MAT /a, his3-Á1/his3-Á1, leu2/leu2, trp1-289/ trp1-289, ura3-52/ura3-52, Invitrogen, Carlsbad, CA) was used for multiple integration. Other general DNA manipulations were performed as described previously. 11) Yeast cells were transformed by the LiAc/ SS-DNA/PEG method as described previously.
12)
Immobilization of MeHNL. An enzyme solution of MeHNL for immobilization was prepared by disrupting recombinant S. cerevisiae cells grown in YPD medium at pH 5.4 using a bead mill (Dyno-mill, Willy A. Bachofen, Nidderau-Heldenbergen, Germany) with glass beads (diameter, 0.1-0.2 mm, 1.7 volumes of the cell suspension), followed by filtration and centrifugation at 20;000 Â g for 20 min at 4 C). Screening of supports for MeHNL immobilization was examined by calculating the adsorbed activity from the residual activity in the supernatant after incubating a mixture of 0.1 g support and 50 units of crude enzyme in 1 ml of 20 mM HEPES-Na buffer (pH 6.0) at 4 C for 8 h. For pore size optimization, the incubation period was extended to 24 h.
Repeated batch production with immobilized MeHNL. (S)-Mandelonitrile was produced with immobilized
MeHNL in a 20 liters stirred tank reactor equipped with a max-blend-type impeller at 20 C. The reaction contained 600,000 units of MeHNL immobilized on Microbead silica gel 200A (mean pore size, 20 nm; mean diameter, 0.1 mm; Fuji Silysia Chemical, Nagoya, Japan), 1 M benzaldehyde and 1.5 M HCN in t-butyl methyl ether saturated with 0.2 M Na-citrate buffer (pH 6). Immobilized MeHNL over the above amount resulted in incomplete stirring. Benzaldehyde was added drop-wise after the addition of immobilized enzyme. When benzaldehyde consumption reached 95 mol %, the reaction solution was recovered, and freshly prepared substrate solution was added for the next reaction.
Analysis. MeHNL activity was measured at 20 C using DL-mandelonitrile (Sigma-Aldrich, St. Louis, Abbreviations: MCS, multiple cloning sites; pGAP, GAP promoter region; tGAP, GAP terminator region; 2m, 2-micron origin region MO) as the substrate according to the method described previously. 13) One unit of MeHNL activity was defined as the amount of enzyme that decomposes 1 mmol of DL-mandelonitrile in 1 min. The protein concentration was measured using a BCA protein Assay Reagent Kit (Pierce Biotechnology, Rockford, IL) with bovine serum albumin as a standard, according to the manufacturer's instructions. The glucose concentration was determined using a Glucose-C test kit (Wako, Osaka, Japan) according to the manufacturer's instructions. The concentrations of benzaldehyde and mandelonitriles [(R)-and (S)-manderonitrile] and the optical purity of (S)-mandelonitrile were determined by HPLC (LC-10A, Shimadzu, Kyoto, Japan) under the following conditions: column, Chiralcel-OD (0:46 Â 25 cm, Daicel, Osaka, Japan); eluent, n-hexane/2-propanol = 80/20; flow rate, 1 ml/min; column temperature, 40 C; detection, UV254 nm.
Results and Discussion
Production of recombinant MeHNL in S. cerevisiae Since the expression level and productivity of recombinant MeHNL using E. coli as a host cell was quite low in our preliminary study (data not shown), we chose the yeast expression system. The MeHNL gene amplified from the cDNA library was subcloned in various vectors and transformed in S. cerevisiae INVSc1 either in an episomal (plasmid type) or chromosomal integrated (integrated type) manner (Table 1) . When we introduced a tandemly connected MeHNL expression cassette, the MeHNL specific activity of the integrated type (strain INVSc1a) was comparable to that of the plasmid type (INVSc1p). It has been reported that HNL from H. brasiliensis (HbHNL), expressed using the AOX1 promoter-controlled integrated type vector in P. pastoris, exhibited higher activity than the PGK promoter-controlled plasmid-type in S. cerevisiae.
10)
Considering that the segregational stability of the introduced gene cassette was higher in the integrated type than in the plasmid type, there was a need to improve stability. In addition, since the MeHNL cassette could be further integrated using another auxotrophic marker, INVSc1a was examined for stepwise integration, as shown for INVSc1b (integrated twice), c (integrated 3 times), and d (integrated 4 times) in Table 2 . As expected, the greater the quantity of the integrated gene copy, the more activity was obtained. Based on the above results, S. cerevisiae INVSc1d expressed recombinant MeHNL with a specific activity of 3.47 U/mg of soluble protein. This recombinant strain was used for further study.
MeHNL production by strain INVSc1d was examined by glucose-fed-batch culture, as shown in Fig. 2 . Cells grew exponentially by intermittent glucose feeding for 35 h with constant specific activity of MeHNL. MeHNL production declined at a later stage of cultivation, and the cells were harvested for immobilized MeHNL preparation. GC analysis of the broth revealed that the decrease might have been due to the accumulation of an inhibitory metabolite, ethanol, at over 5%. In this study, using a S. cerevisiae mutant with multiple auxotrophic markers enabled us to introduce multiple copies of the MeHNL gene.
(S)-Mandelonitrile production with immobilized MeHNL Table 3 shows the result of the screening test for immobilization with various support materials, including silica, alumina, clay, and cellulose. The inorganic supports showed better adsorption ability than organic supports, and silica gel exhibited the highest ability among the supports tested. It has been found that nitrocellulose, a cellulosic organic support, was suitable to obtain activity with good enantio-selectivity, although there are no data for activity recovery. 6) In our research, silica gel showed much better activity recovery than cellulosic support. The effect of the pore size of the silica gel support was further investigated using various pore size supports (7 to 100 nm). A pore size of 20-30 nm was found to be optimal for MeHNL immobilization. The effect of buffer pH on adsorption efficiency was also investigated using Micorbead silica gel 300A (pore size, 30 nm). Maximum adsorption on the silica gel was obtained in a broad range of pH, between pH 4.8 and 6.8, the covering optimum pH for MeHNL being 5.5. This is also advantageous in using the silica-gel support for immobilization of MeHNL. In addition, the silica gel-immobilized enzyme dispersed uniformly in buffer-saturated organic solvent as compared with hydrophilic support, such as cellulosic supports or hydrophilic gels (data not shown). The rates of the reactions by the immobilized enzymes were examined at various pH values. The results indicated that the optimum pH was 5.5, and the relative reaction rates were similar to the values obtained with the native enzyme. 1) Preliminary investigation on the effect of substrate concentration on the enantio-selectivity of the (S)-mandelonitrile produced showed no significant effect between 0.2 M and 1 M of benzaldehyde concentration. Benzaldehyde at higher than 1 M resulted in decreases in enantio-selectivity due to the non-enzymatic formation of racemic mandelonitrile due to an excess of benzal- dehyde and HCN. Repeated batch (S)-mandelonitrile synthesis was hence done with 1 M of benzaldehyde. In this study, (S)-Mandelonitrile, an intermediate of (S)-mandelic acid, a useful chiral compound in pharmaceutical synthesis, was produced from benzaldehyde and HCN in a 20-l reactor. As the reaction progressed, a rise in the reaction temperature was observed. The rate of addition of benzaldehyde was hence controlled in such a way that the temperature did not exceed 25 C. Heat formation by (S)-mandelonitrile was calculated to be approximately 10 kcal/mol by computer simulation. Temperature control is very important in the industrial production of (S)-mandelonitrile. This is because the boiling point of HCN is 26 C, and non-enzymatic formation of racemic mandelonitrile is affected by temperature. However, the rate of (S)-mandelonitrile formation by immobilized MeHNL is very high, and temperature control can be achieved by controlling the rate of benzaldehyde addition. Figure 3 shows the initial (S)-mandelonitrile formation rate and the enantio-selectivity of the (S)-mandelonitrile produced during the repeated batch process. Chiral HPLC analysis showed that 98.9% ee (mean value) of (S)-mandelonitrile was produced throughout the reaction without producing any byproduct other than mandelonitrile. During the first four-batch reaction, the initial reaction rate was slightly lower than that of later batches because the added immobilized enzyme showed partial aggregation in the reaction solvent. However, when the immobilized enzyme was dispersed uniformly after the 5th batch, the reaction rate increased and a stable reaction rate was obtained. The immobilized enzyme was successfully used for more than 20 repeated batches with no loss of conversion rate or enantio-selectivity. Generally, immobilization of enzymes on silica support requires chemical coupling to avoid enzyme release. 14) However, the simple adsorption method in this study was found to be more practical for use with organic solvents, possibly because the enzyme was not released into organic solvents. As a result of the 22-batch reaction, 220 mole (23.3 kg) of benzaldehyde was converted to 28.6 kg of (S)-mandelonitrile. The mean yield of (S)-mandelonitrile to benzaldehyde was 98 mol % and the mean enantio excess value was 98.9% ee.
In conclusion, we prepared a (S)-cyanohydrin producing hydroxynitrile lyase, MeHNL, using recombinant S. cerevisiae, and optimized the MeHNL-immobilization conditions. This system can be applied in (S)-mandelonitrile production on a commercial ton scale of production. We are currently investigating the production of other useful chiral cyanohydrins with this system. Closed symbols, produced (S)-mandelonitrile at 0.5 h after the addition of benzaldehyde; Open symbols, optical purity of (S)-mandelonitrile produced.
